There are many engineering parts and natural soft members, which consist of several phases with different mechanical properties. Identification of material parameters of multi-material members is an important issue that has attracted considerable attention. In this article, a finite-element-based inverse method for identification of material parameters of a body made of several hyper-elastic materials is presented. In the presented inverse method, the unknowns are computed using a few simple displacement/length measurements in a few elasto-static experiments. The inverse analysis can be carried out without any full-field measurements. Both plane strain and plane stress conditions are considered. In the plane strain case, displacements of several sampling points on the boundary of the problem domain are used as measured data. In the plane stress case, some characteristic lengths of the member in the deformed configuration are used as measured data. A cost function in terms of the differences between calculated and measured values is defined and the GaussNewton method is used to minimize it. The multi-material sensitivity analysis in the optimization process is made by analytical differentiation of the weak form of the problem. Both numerical and experimental studies are made to demonstrate the effectiveness and accuracy of the proposed methods.
Introduction
Many engineering parts and natural soft members such as composite polymers and soft tissues of human body consist of several homogeneous phases with different mechanical behavior. For instance, a healthy breast tissue consists of fat and glandular phases. Furthermore, in the case of a cancerous breast tissue, the presence of a tumor with different material properties is also possible. Identifying the mechanical properties of different phases of multi-material members is necessary to predict their behavior under deformation and to identify abnormal masses in diseased tissues. 1, 2 Therefore, there is a pressing need to present a simple, efficient and non-invasive method for material characterization of multi-material bodies. While identification of mechanical properties of single-phase members made of linear elastic materials, [3] [4] [5] hyper-elastic materials [6] [7] [8] and hyper-viscoelastic materials 9 is still an active area of research, identification of mechanical properties of different phases of multi-phase hyper-elastic members has become an interesting subject for researchers. Various techniques have been employed to identify the mechanical properties of different phases of multi-material members using elastic and hyper-elastic material models. These techniques are based on full-field measurement, elastography or boundary measurement.
Full-field measurement is one of the well-known techniques to characterize the mechanical properties of non-homogeneous, 10 anisotropic 11 and multi-material bodies. It is also used to characterize the mechanical properties of homogeneous bodies in various phases of deformation. Gerbig et al. 12 used full-field displacement measurements on a surface of a homogeneous steel member to identify its material properties during necking. In this technique, it is usually assumed that a priori knowledge of the material distribution is not available. Many researchers have used full-field measurements to identify the material parameters of multi-material bodies. Babarenda Gamage et al. 13 identified the mechanical parameters of a two-layered cantilever beam made of silicon using multiple gravity-loaded states. The cantilever beam was scanned with a laser in eight different gravity-loaded configurations. The direct problem was solved using the finite element (FE) method. Full-field measurements on the boundary of the beam were used in nonlinear optimization techniques to identify the material parameters of the neo-Hookean model. Mei et al. 14 used an inverse method based on the small deformation theory to investigate the accuracy of reconstructing stiffness distribution of a multi-material member undergoing large deformation. They also compared the results of the small deformation inverse method with a finite elasticity inverse method. They made use of full-field displacement measurements for performing the inverse analysis.
Although using full-field measurements is a rigorous tool that can locate different phases of multi-material members and provides sufficient information about the space variation of mechanical properties, it has some discrepancies too. Full-field measurements in plane stress condition are relatively simple, however, in plane strain or three-dimensional (3D) space, full-field measurements cannot be easily made because the particles within the domain of the problem are not accessible. Moreover, identification techniques based on full-field measurements require relatively complex equipment. It is also observed that in some cases, the material parameters of various phases of multi-material members are not identified with high accuracy using full-field measurement techniques.
14 Therefore, there is a demanding need for alternative techniques that use simple measurements to characterize the mechanical properties of multi-material bodies with a sufficient accuracy.
Mei et al. 15, 16 recovered inclusions embedded in a soft matrix, using multiple boundary displacement measurements in a plane strain problem, with no priori information about location and shape of inclusions, and the shear modulus distribution. Although their method required numerous measurements and did not recover the material parameters with high accuracy for noise-dominated measurements, it could identify the location and shape of the inclusions very well.
Some other researchers employed the elastography technique to obtain material properties of multimaterial members. Franquet et al. 17 identified the linear elastic properties of stenosed arteries using in vivo measured displacements of magnetic resonance imaging (MRI). The artery wall consisted of three phases: a healthy tissue; a lipidic core, which was essentially composed of fat; and a diseased tissue. An FE model in plane strain condition was employed for solving the direct problem. In the inverse method, the differences between calculated and measured displacements of all points on the artery's cross section were minimized.
Mehrabian and Samani 18 proposed an inverse elastography technique to characterize the nonlinear behavior of breast tumor tissue with hyper-elastic material models. To resemble breast geometry, they used a computational phantom that consisted of a hemisphere connected to a cylinder. The phantom consisted of three phases to mimic adipose and fibroglandular tissues and a tumor. The suggested technique employed a nonlinear FE model to solve the forward problem. In this work, the material parameters of Yeoh and polynomial hyper-elastic models for the tumor were identified. Liu et al. 19 developed a nonlinear elastography technique to obtain the material parameters of a two-phase member. The member consisted of two irregular inclusions in a two-dimensional (2D) nonlinear material. They used a gradient-based method for the optimization process in their identification technique. Elastography techniques based on MRI or ultrasound can provide full-field measurements even in 3D; however, they are not sufficiently accurate for the cases with large deformations. 19 Several researchers have estimated the mechanical properties of multi-material bodies using boundary measurements. Lee et al. 20 used the boundary element method to identify the geometric shape and linear elastic material parameters (Poisson's ratio and Young's modulus) of an inclusion embedded in a matrix. The material parameters of the matrix and its geometric shape were known. They used a recursive quadratic programming method for optimization. Kang et al. 21 identified the location and size of unknown inclusions embedded in a linearly elastic body by measuring force-displacement values on the boundary. The elastic constants of the background were assumed to be known while the elastic constants of the inclusion could be either known or unknown.
The main objective of this work is to present a method for identification of hyper-elastic material parameters of background and inclusions of a composite member using very simple measurements from accessible surfaces. It is assumed that the location and shape of the inclusions are known from observation, radiography or other methods. This study can be used as a complementary approach to improve inclusion to background contrast, after the location and geometry of the inclusions have been revealed through previous works. 15, 16 An inverse method based on a few elastostatic experiments is presented that uses few simple displacement/length measurements to characterize the hyper-elastic mechanical properties of multi-material bodies in plane strain and plane stress conditions. The inverse analysis can be carried out without any fullfield measurements. For plane strain, displacements of several sampling points only on the boundary of the problem domain are used as measured data. For plane stress, some characteristic lengths of the member in the deformed configuration are used as measured data. To the best of our knowledge, such an approach for identification of material parameters of multi-material members has not yet been presented. In the inverse method, a cost function in terms of the differences between calculated and measured values is defined and the GaussNewton method is used to minimize it. The multimaterial sensitivity analysis in the optimization process is made by direct differentiations of the weak form of the problem and using the FE method. The effect of inclusion size and stiffness on obtaining its mechanical properties is also studied.
Constitutive equations and FE formulation of finite deformation
In this research, the mechanical behavior of different phases of the multi-material member is assumed to be hyper-elastic and therefore, a nonlinear FE formulation is used for deformation analysis of the member. An inhouse written MATLAB code has been developed and employed for direct and inverse analysis. In finite deformations, current location of a material point, that is, x, is obtained by adding the vector of reference position, X, to the displacement vector, u, that is
Deformation gradient tensor (F) and its Jacobian (J) are expressed as follows
The right Cauchy-Green deformation tensor, that is, C, is expressed as follows
The equilibrium equation and boundary conditions are expressed as follows
where S is the second Piola-Kirchhoff stress tensor, b is the body force, t Ã represents a prescribed traction applied on a part of the boundary denoted by G N , u Ã is a prescribed displacement at other part of the boundary denoted by G D (G N \ G D = [), the unit vector n is normal to the surface of the body and V 0 is the volume of the body in reference configuration. Div(FS) in equation (5) represents the divergence of the tensor FS with respect to the reference coordinates X i .
For hyper-elastic materials, a strain energy function, C, exists such that the following relation holds for the second Piola-Kirchhoff stress tensor
In order to obtain the weak form of equation (5) for an element, this equation is multiplied by a test function u, which is in the space of kinematically admissible displacements. Using integration by parts, the following weak form is obtained ð
where t e represents the traction applied on the boundaries of the element denoted by (G N ) e , dA 0 represents an area element in the reference configuration, (V 0 ) e represents the volume of the element in the reference configuration and ' ': in the first integral represents the tensor inner product or double contraction, that is,
For plane stress problems, the out-of-plane stresses are enforced to be zero and a large value is used for bulk modulus to model a nearly incompressible material. For plane strain problems, the mixed displacement-pressure FE formulation is used. In this formulation, beside displacement, pressure is treated as an independent variable either. This approach is more suitable for incompressible or nearly incompressible hyper-elastic materials. [22] [23] [24] [25] In this approach, the strain energy function for a hyper-elastic material is decomposed as follows
where k is the deformation-independent bulk modulus, C is the volumetric part that depends only on J andC is the isochoric part of the strain energy function. Using equation (10), the second Piola-Kirchhoff stress tensor is expressed as follows
where
The following relation holds between S and the Cauchy stress tensor s
Therefore, using the relation ∂J=∂C = (1=2)JC À1 , the Cauchy stress tensor is expressed as follows
T and substituting them into equation (13) yields
By substituting equation (11) into equation (9) and enforcing p = k C 0 (J) in a weak sense, the mixed formulation is obtained in which u and p must be found in a way that the following relations hold for all u and p
where p is a test function in the space of admissible pressures.
In this study, the problem domain is discretized using quadrilateral elements with a linear variation for displacement and constant pressure in each element. u and u are approximated as follows
where M a is the shape function of the ath node of the element and n is the total number of nodes of the element. Using equations (12) and (14), and substituting equations (17) and (18) into equations (15) and (16), the following relations are obtained
wheret kn = Js kn represents the components of Kirchhoff stress tensor. Equations (19) and (20) must hold for all u a k and p. Therefore, the following relations are obtained ð
The Newton-Raphson method is employed to solve the system of nonlinear equations (21) and (22) . These equations are linearized and after some mathematical manipulations can be expressed as follows
The components of the matrices in equations (23) and (24) can be computed as follows
Equations (23) and (24) can be expressed in a matrix form as follows
From equation (31) , the increment in pressure in each element is expressed in terms of displacement increment as follows
Substituting equation (32) in the first equation of (31), the following relation is obtained
K and T +F in equation (33) should be assembled for the whole FE mesh to construct the global matrix equation for the global vector of displacement increments.
After computing du for all of the nodes in the FE mesh, dp is computed for each element using equation (32) .
Many material models have been considered to simulate the mechanical response of hyper-elastic materials. Several models such as Ogden, Arruda-Boyce, Yeoh, Mooney Rivlin and neo-Hookean are suitable for modeling rubber-like materials 26, 27 and have been employed for soft tissues either. [28] [29] [30] [31] [32] However, since the mechanical response of soft tissues is different from rubber-like materials in large deformations, 31 special hyper-elastic models have been developed to model their mechanical behavior. 33, 34 In this research, the nearly incompressible neoHookean hyper-elastic material model, which is popular for simulating mechanical response of many engineering and natural soft members, is employed. The strain energy function for neo-Hookean model is expressed as follows
where tr(C) is the trace of C and m 1 is a material parameter that can be adjusted to describe the mechanical behavior of the material. k has a large value for nearly incompressible hyper-elastic materials. The Cauchy stress tensor in terms of the deformation gradient tensor for the neo-Hookean model is expressed as follows
Inverse and sensitivity analysis
The inverse formulation for determining unknown material parameters (neo-Hookean parameters) of different phases of a multi-material member is presented in this section. The silicon material that is used in this research for experimental example is nearly incompressible according to its data sheet and therefore, the inverse method is formulated for nearly incompressible materials with a large bulk modulus and only m 1 in equation (36) is the unknown for each material phase.
Assuming that the multi-material body consisted of p inclusions embedded in a background material, the vector of unknowns is arranged as follows
where m j I is the material parameter of the jth inclusion and m B is the material parameter of the background.
For problems under plane strain condition, points within the domain of the problem maybe inaccessible and therefore, measurements cannot be made in internal points. However, for problems with plane stress condition, both boundary and internal points are physically accessible and measurements for both internal and boundary points are possible.
Two
In plane stress condition, in-domain measurement is possible and one can collect more effective measured data compared to plane strain condition. For plane stress problems, some characteristic lengths (e.g. diameters of inclusions) in the deformed configuration are used as measured data. These characteristic lengths can be simply measured and contain more information about the material parameters of different phases. For example, the horizontal and vertical diameters of a circular inclusion can be considered as two important characteristic lengths, values of which in the deformed configuration give important information about the stiffness of the inclusion and even the background. Assuming that q characteristic lengths are considered in the inverse problem, the vector of the measured data can be written as follows
where l j is the measured value of the jth characteristic length.
An initial guess is required in the first step of the inverse analysis to solve the direct problem and form the vector of calculated displacements or calculated characteristic lengths. The vectors of calculated displacements at sampling points or calculated characteristic lengths are, respectively, expressed as follows
where u j 1 and u j 2 are the first and second displacement vector components at the jth sampling point, respectively, and l j represents the jth characteristic length. An objective function based on the differences between measured and calculated displacements/lengths is defined as follows
There are many different optimization techniques to minimize this cost function. The damped GaussNewton optimization method 36, 37 is used in this work. In each step of this gradient-based method, the unknown vector is updated as follows
where D k is the search direction, g k is the step multiplier and k is the step number. As it is mentioned in Hematiyan et al., 3 ,38 the step length is chosen according to the change in the value of the objective function. At first, the step multiplier is set to 1.0. If this value does not decrease the objective function, the step multiplier is halved and the step is repeated.
Based on the damped Gauss-Newton method, the search direction is calculated as follows
where the elements of the sensitivity matrix (L) are
The dimensions of the matrix L are 2r3(p + 1) for plane strain condition and q3(p + 1) for plane stress condition, where r is the number of sampling points, q is the number of characteristic lengths and p is the number of inclusions.
When multiple experiments are used for identification, the sensitivity matrix in each experiment is calculated separately and the total sensitivity matrix is constructed as follows
. . .
where L (j) is the sensitivity matrix of jth experiment and g is the number of experiments. A schematic diagram of the inverse FE algorithm is depicted in Figure 1 .
In this research, a direct differentiation approach is used in the hybrid (displacement-pressure) formulation to compute the components of the sensitivity matrix. In the work of Hajhashemkhani et al., 8 direct differentiation was employed in pure displacement formulation to compute the sensitivity of hyper-elastic material parameters and boundary conditions with respect to displacement of some sampling points. For this purpose, the integral equations corresponding to the nonlinear FE problem (equations (21) and (22)) are expressed in a residual form as follows
where Ω (a vector with 2n components) and F are residuals. Generally, in an iterative procedure, the residuals are updated as follows where ∂Ω=∂u, ∂Ω=∂p or ∂F=∂u, and ∂F=∂p are equivalent to A, B and E in equation (31), respectively. The system response depends on material parameters, therefore, the residuals in equations (48) and (49) may be rewritten as a function of u, p and Y a (elements of Y in equation (38) )
where q + 1 represents the number of inclusions plus 1 for the background material. The sampling points in plane strain problems and end points of characteristic lengths in plane stress problems are chosen exactly at FE nodes and therefore, calculating ∂u=∂Y a is sufficient for the sensitivity analysis. For calculating elements of ∂u=∂Y a , equations (52) and (53) From equation (22), it is clear that ∂F=∂Y a is equal to zero. By computing ∂p=∂Y a from equation (55) and substituting it into equation (54), the following system of equations is constructed for
As it was mentioned earlier, ∂Ω=∂u, ∂Ω=∂p or ∂F=∂u, and ∂F=∂p are equal to A, B and E in equation (31) and therefore, determination of ∂u=∂Y a in an element requires evaluation of only À∂Ω=∂Y a , which is an explicitly determinable quantity.
K and F should be assembled for the whole FE mesh to obtain the sensitivity of all of the nodes with respect to Y a .
In plane stress condition, the sensitivity of a characteristic length with respect to a material parameter should be computed that is presented in Appendix 1.
Results and discussions
Four examples in different conditions are considered. Since the main focus of the present research is on identifying hyper-elastic material parameters, quasi-static loading is considered in the inverse analysis. To make sure that the load is quasi-static, the increase rate of the applied load should be small. In cases that for instance, hyper-viscoelastic material parameters are unknowns of the inverse problem, dynamic loading should be considered too.
The first two examples are defined under plane strain condition, while the next two examples are devoted to plane stress condition. In the first example, the multimaterial member consists of an inclusion embedded in a background material. In this example, the ability of the proposed method for identification of material parameters of multi-material members with different stiffness and size of inclusions is examined. In the second example, the multi-material member consists of two inclusions embedded in a background material. In the inverse plane strain problems, multiple compression experiments with a rigid body are employed for identification of material constants of the inclusions and background materials.
In the first plane stress example, a multi-material member with two inclusions of different sizes is considered. The measured data from a simple tension experiment with different levels of load are used to identify the material properties of the inclusions and background materials. In the first three examples, the measurements are numerically simulated by direct analysis of the problem with known material properties. In the last example, the inverse analysis is performed using real measurements. In this example, material parameters of different parts of a multi-material silicon member under plane stress condition are estimated using the results of multiple tension tests by INSTRON machine.
A member with an inclusion in plane strain condition According to equation (38) , the vector of unknowns becomes as follows
A rigid body compresses the multi-material body with the known load T at four different locations as shown in Figure 2 . In each loading, the vertical displacement of the rigid body is considered as the measured datum. This measurement seems to be the simplest one. The sampling points A 1 to A 4 are on the member-rigid body interface in the four experiments. Two different values of T are applied at each of the four cases, which results in eight compression data. The experiments are numerically simulated in this example and since noise is always present in experimental data, different errors with Gaussian distributions are added to exact measured data.
Results of the inverse analysis with 0%, 3% and 5% measurement error are provided in Table 1 . As it can be seen from Table 1 , even in the cases with noisy measured data, the hyper-elastic material parameters of the inclusion and background materials are obtained with an acceptable accuracy. This shows the ability of the proposed method that can obtain the unknown material parameters of a multi-material body under plane strain condition with simple measurements.
In reality, in an inverse problem, the exact solution of the problem is unknown. One way to make sure that a suitable solution is obtained for the inverse problem is to increase the number of input data. If by increasing the input data the results of the inverse problem did not improve significantly, the proper solution for the inverse problem is obtained. For the inverse problem at hand, increasing the number of inputs does not improve the results of the inverse problem significantly.
In Tables 2 and 3 , effects of the value of the inclusion stiffness on identified material parameters without and in presence of 3% measurement error are reported. The neo-Hookean material parameter of the background material was held constant, while some different values for the material parameter of the inclusion were considered. As it can be seen from Table 2 , for the case without measurement errors, the material parameters can be obtained with a sufficient accuracy if the stiffness ratio of inclusion and background materials is in the range of 0:1254m 1 I =m B 432. From Table 3 , it is observed that for the case with 3% measurement error, the stiffness ratio in the range of 0:254m 1 I =m B 416 results in accurate solutions. To obtain more accurate results in extreme cases, we have to collect a larger number of measured data.
The results given in Tables 4 and 5 show the effects of inclusion size on the accuracy of identified material parameters (m B = 1 and m 1 I = 2). The results of the case without measurement error are reported in Table 4 , while the results for the case with 3% measurement error are given in Table 5 . Four different values for the radius of the inclusion have been considered.
As it is observed from Table 4 , when the inclusion radius is very small compared to the background size (0.5 cm), the neo-Hookean material parameters of the inclusion and background material could not be obtained even in the case without any measurement errors. From Table 5 , it is observed that in the case with 3% measurement errors, when the inclusion radius is greater than 1 cm, the material parameters of the inclusion and background material could be obtained with enough accuracy. It is observed that the material identification for a member with a smaller inclusion is more difficult. Moreover, this difficulty is increased for cases with larger measurement errors.
A rectangle with two inclusions in plane strain condition
In the previous example, a member with one inclusion was considered. In this example, a member with two inclusions embedded in a background material with the dimensions shown in Figure 3 is considered. The neoHookean hyper-elastic material model is used to model According to equation (38) , the vector of unknowns is
Similar to the previous example, a rigid body compresses the multi-material body with the known load T at four different locations as shown in Figure 3 and the vertical displacement of the rigid body is considered as the measured data. Since in this example the number of unknown material parameters is increased to 3, three different values of T are applied at each of the four cases, which results in 12 compression experiments and 12 measured data. The results of the inverse problem with and without measurement errors are given in Table 6 .
As it is observed in Table 6 , the neo-Hookean material parameters of both inclusions and background material are obtained with acceptable accuracy using simple experiments, even in the presence of measurement errors.
A rectangle with two inclusions in plane stress condition
The multi-material body shown in Figure 3 is considered in this example too. However, it is analyzed under plane stress condition in this example. The material parameters of the neo-Hookean model for the first and second inclusions and background material are assumed to be m According to equation (38) , the vector of unknowns is constructed as follows
In plane stress problems, internal points are accessible and one can make measurements at internal points. This ability makes inverse plane stress problems much easier than plane strain problems. As it is observed in Table 7 . The effect of noisy measured data is also investigated and the related results are reported in Table 7 .
As it is observed from Table 7 , by using simple measurements of inclusions diameters, material parameters of the two inclusions and background materials are obtained. Furthermore, it is seen that even in the presence of noisy measured data, the proposed method can estimate the material parameters within an acceptable range of error.
Experimental example in plane stress condition
In the three previous examples, the measured data were obtained by numerical simulations, while, in this example, the identification of the material parameters is carried out using real measurement data. A multi-material member including a background material and two circular inclusions with different diameters was created. The dimensions of the member are shown in Figure 5 . The thickness of the sample is 8 mm, which is small in comparison with other dimensions and therefore, the problem is analyzed in plane stress condition.
ECOFLEX-0010 and ECOFLEX-0050 are used for the background and inclusions, respectively. In order to verify the accuracy of the inverse method after material identification, simple homogeneous samples of the background and inclusion materials were also created. These homogeneous samples were used in simple tensile experiments to obtain accurate material properties of the background and inclusion materials.
For making the samples, at first, two wooden molds as shown in Figure 6 were set to create the background material and a homogeneous sample. After preparing the background mixture according to manufacturer's instruction, the liquid was poured into the molds and cured in room temperature for 3 h (Figure 7) .
After the background material is cured, the mixture for inclusions was prepared according to manufacturer's instruction and poured into the cylindrical holes of the mold and into the simple homogeneous wooden mold. The produced samples are shown in Figure 8 .
Digital image correlation (DIC) was used to collect the deformation data of the inclusions during the application of tensile loads. The region of the specimen that was measured with DIC was at least 1 cm away from both lower and upper grips. DIC is an imaging technique in which consecutive pictures of the sample during deformation are used to trace deformation of points on samples' surface. For this purpose, a unique pattern called speckle pattern should be created on the surface of the sample. In this research, the sample surface was sprayed with a black paint to create the unique pattern. Although DIC provides full-field displacement data, in our study, only changes in diameters of the inclusions are needed. The full-field measurements are used for verification of the model and results. For tension tests, the sample is placed in INSTRON 5567 machine as shown in Figure 9 . One edge of the sample was fixed and the other edge was pulled. Two wooden pieces were attached to both ends of the sample and were placed between the grips of the INSTRON machine. A two-camera DIC system (DANTEC DYNAMICS, Germany) as shown in Figure 9 was used to record samples' deformation during tensile experiments.
Displacement measurements from three tensile experiments at three different loadings that created maximum deformation of 10, 20 and 30 mm were collected for inverse analysis. An FE model of the sample with 2772 elements was created. x-direction displacement was held zero at the upper edge, while a surface load was applied to this edge. In the inverse analysis, two different neo-Hookean materials were considered for the large and small inclusions. Inverse problem results are reported in Table 8 . As it can be seen, while different materials have been considered for inclusions, the obtained material parameters are almost the same and near 48,000 Pa for the two inclusions.
For verification of the results, an FE model of the homogeneous samples was created. Using the obtained values for material parameters (given in Table 8 ), the numerically obtained force-stretch curves of the model is compared with those from uniaxial tensile experiments of the homogeneous samples as shown in Figures  10 and 11 . Using the FE models, the force-stretch curves for the inclusion material with m = 48, 000 Pa and background material with m = 29, 096 Pa were generated. Figures 10 and 11 show good agreements between the created force-stretch curves and the experimental ones. In other words, the material parameters are predicted very well.
For further verification, the direct problem is solved with the FE model for the multi-material member with the material parameters of Table 8 and the deformed shape of the member is compared with the deformed shape obtained from the experiment. This comparison is shown in Figure 12 . It can be seen from Figure 12 that the computed material parameters reconstruct the mechanical behavior of the multi-material body very well.
Conclusion
In this article, an inverse method was presented that used a few simple displacement/length measurements in 2D problems to identify hyper-elastic parameters of multi-material bodies. The instruments for full-field measurements are relatively complicated; however, by the presented method, the material identification can be performed with simple instruments. The effectiveness of the method was investigated in the presence of noisy measurement data and in all cases the results were promising. Furthermore, the effectiveness of the method for different values of size and stiffness of inclusions was also investigated.
In this work, 2D problems were considered; however, the presented method has the capability to be extended to 3D problems. In 3D problems, measuring displacement at the points within the solid is very difficult. Therefore, the identification method must be able to find the unknown material properties by boundaryonly measurements. In the plane strain problems presented in this research, only displacements of the surface points were used, that is, the material properties were found by boundary-only measurements. Comparison of the deformed shape of the multimaterial member provided from the inverse analysis and experiment.
